Abstract: Manual control of road construction is expensive, time consuming and error prone. Hence it is done infrequently, or is based on rough estimates -the previous stage of this research attempted to automate this process. The research developed a model which had to assume that work progresses according to plans. This assumption permitted the use of predetermined work envelops. The present model introduces a new approach -a dynamic work envelop -which also uses the same type of data as the previous model, i.e., the location of the equipment as a function of time measured by GPS. The model, which was developed in a Geographical Information System environment, determines both the area of the work and the time it took to perform it. A pilot field test showed that this model can generate control information with a deviation of +15% -this deviation can be meaningfully increased if averaged over a number of days. An economic analysis of the proposed system shows that it is more economical than the manual methods, especially if the control information is needed at a higher frequency than biweekly.
INTRODUCTION
Earthmoving operations rely on the skills of the operators and surveyors and involve a lot of staking and restaking, which causes a significant delay. Often operators proceed with the operation without any resetting of stakes because surveyors are not always available on sites. This causes serious deviations from the desired design surface, rework (Han et al. 2005) as well as deviation from the planned productivity and the inevitable delays and cost escalations. This procedure is, therefore, expensive, time-consuming and unproductive.
Recently, earthmoving operations are experiencing impressive advancements, which improve the accuracy and quality of their output, increase the efficiency of operations, and save costs. These advancements include measuring various parameters relating to the health and maintenance of the earthmoving equipment -such as valves pressure, and weight of bucket (Kannan and Vorster 2000; Maio et al. 2000) -as well as continuously monitoring the location of the equipment during its operation (Caterpillar 2007; JohnDeere 2007; Peyret and Tasky 2004; Taylor and Tometich 2003; Trimble 2007) .
The above impressive achievements deal mainly with issues such as the automation of quality assurance (e.g., asphalt compaction), or the reduction of the surveying costs during earthmoving operations. Very little attention has been given to automate the measurement of managerial parameters such as progress and productivity. This paper describes a model that uses GPS technology for automated data collection to produce information needed for efficient monitoring of twodimensional earthmoving-equipment operations. The model uses algorithms based on the dynamic work envelop approach to convert the collected data into control information and presents it in terms of duration (or progress), productivity, and quantities.
EARLIER STAGES IN AUTOMATED ROAD CONSTRUCTION CONTROL
The previous stage of this research developed a model which assumed that at the planning stage the road is divided into work sections (WS) -areas where work on *Corresponding author. Email: ronie@technion.ac.il the road is performed at a given time interval, such as a day (Navon and Shpatnitsky 2005) -the research introduced the concept of the work envelop (WE), which is an extension of the WS where a piece of equipment working on the WS can be located while working on it. Thus, a WE is a geometrical extension of the corresponding WS (Navon and Goldschmidt 2003) .
The model was implemented in a prototype system and tested in site experiments. The location of the equipment as a function of time was measured with two GPS receivers using Differential GPS technology for increased accuracy. A series of site experiments were conducted with different types of equipment (Compactor, Finisher and Grader) , different activities (Spread and Grade Fill, Compact Fill, Spread and Grade SubBase and Asphalt Spreading) and for three types of WE (Navon and Shpatnitsky 2005) . During the experiment, a researcher manually measured the actual productivity performing each WS in order to compare the actual performance (the manually measured one) and that calculated by the model. The results of this comparison yielded two conclusions:
1. The accuracy of the model using the WE without overlap was between about +1% for Asphalt Spreading, a well structured activity, and +11% for Spread and Grade Sub-Base. 2. The accuracy using WE with overlap was between about -2% for Asphalt Spreading to +4% for Spread and Grade Fill.
The difficulty with the site experiments was that the actual work did not progress according to the pattern of the predefined WS from the plans (even worse is the fact that the latter are not always made). In other words, the work sequence was chaotic, especially in the case of the less structured activities. This difficulty was overcome, during the site experiments, by a manual determination of the work performed at the end of each working day and the corresponding WE.
CALCULATING AREAS OF CIRCUMSCRIBING MEASURED LOCATIONS
The need for manual definition of the work done by every piece of equipment at the end of each day, on the one hand, and the need for a more automated measurement method, on the other, motivated the current stage of the research. Clearly a new approach is needed whereby both the time spent performing work and the amount of work done during that time, will be defined automatically -this approach, which is more adequate for the chaotic nature of road construction progress, is called here the Dynamic Work Envelop (DWE) Approach. The objective of the present stage of this researchdescribed in this paper -is to use the locations measured for each piece of equipment at a given time interval and automatically determine the area of work that was done by the equipment. Automated determination of areas, at various levels of accuracies, has numerous potential applications in construction (Elbeltagi et al. 2004; Kano 2006; Navon and Berkovich 2005; Navon and Berkovich 2006) : (1) Dynamic real-time determination of areas where workers perform activities for safety purposes. In this application the algorithm will determine the areas which include all the locations of the workers. These areas will be defined as "forbidden for the crane to enter with heavy materials". (2) Automated identification of laydown areas (AILA) with specified materials. In this application all the materials will have RFID tags attached to them and a GPS will be used to record their locations when they enter the site, or when they are moved. The algorithm will determine the areas of concentration of materials which satisfy a given search criterion (e.g., all plumbing materials, or specific prefabricated elements).
Two potential algorithms to calculate the polygon, which circumscribes a collection of points, were examined -the points, in this case, represent the measured locations in the given time interval. These algorithms are commonly used to determine animal home range in ecological studies (Borger et al. 2006 ) and environmental epidemiology (Gatrell et al. 1996) . The first algorithm is called Minimum Convex Polygon (MCP) -this algorithm calculates the smallest convex polygon, which includes all the points (Seaman et al. 1999) . The second algorithm is called Kernel Density Estimation (KDE), which is a more sophisticated algorithm based on probabilistic principles (Borger et al. 2006 ). These algorithms are described below.
Minimum Convex Polygon
The MCP is highly sensitive to sample size (here number of points), but its main advantage is its simplicity. The algorithm determines the minimum convex polygon, even though, clearly, in many cases a concave polygon might more accurately describe the area represented by the collection of points, as demonstrated in Figure 1 . The minimum convex polygon is the one joining vertices 1, 2, 18, 17, 16 and 9. This polygon includes areas where there are no points such as the The difficulty is that the number of concave polygons circumscribing a given set of points is very large and it increases rapidly with the number of points. Additionally, concave polygons depend on the maximal distance of neighboring points along the perimeter. Hence, it is very difficult, if not practically impossible, to find an algorithm which calculates a minimum concave polygon. On the other hand, there is only one minimum convex polygon circumscribing a given set of points. We used a commercial computerized application called Convex Hull (Sawada 2002) , written in Visual Basic for Applications. The application was tested by running collections of random points and comparing the result with manual calculations. The application was later used in the pilot test.
Kernel Density Estimation
The Kernel Density Estimation (KDE) is a way to determine point pattern as a continuous variable through space (Diggle 1983; Gatrell et al. 1996; Sawada 2004 ). This method uses the concept of point pattern intensity, often represented by λ. The intensity is the number of points per unit area. As demonstrated in Fig The KDE is the same as the above example, but instead of counting the number of points in each grid cell, a moving window is used to count the density of the points (Sawada 2004 ) and produce a more spatially smooth estimate (Gatrell et al. 1996) . This window can be a two, or three, dimensional moving function, such as a circle of radius, r, for simple kernels (Gatrell et al. 1996; Sawada 2004 ). This function weighs events within its sphere of influence according to their distance from the point at which the intensity is being estimated (Gatrell et al. 1996) . After calculating the density, the areas with a density higher than a given threshold are determined. To demonstrate this process, a set of arbitrary points (see Figure 3 (a)) were run in Matlab and areas with density higher than λ8 were extracted (see Figure 3 (b)). Thus, any given density between λ1 -λ8 can be selected as the threshold.
It is clear from the above that two variables affect the result of this algorithm: the smoothing factor, r, and the chosen threshold, λ.
Pilot Test
A pilot field test was conducted to evaluate the performance of the MCP and the KDE algorithms. In this experiment a pickup truck was asked to simulate a compactor. To do this the driver was asked to drive forwards and backwards very slowly to cover a given area in an empty parking lot at the Technion (the hatched area in Figure 4 (a)). Two GPS receivers were used during this experiment -one was stationary, which served as the differential station, and the second (rover) was installed on the pickup truck. The locations measured during the test served to calculate the area circumscribing them, using both the MCP and the KDE algorithms. The hatched area in Figure 4 (b) was calculated by the MCP algorithm and the hatched area in Figure 4 (c) was calculated by the KDE algorithm. The actual area was measured by a surveyor in parallel.
The present research used ArcView and ABODE software packages -the latter is an add-on to ArcView -to determine the area circumscribing the collection of locations measured during the pilot test. ArcView is a Geographic Information System (GIS) software for visualizing, managing, creating, and analyzing geographic data. ABODE is a KDE tool for ArcView. It was designed with animal home range calculation in mind, but it can be used for almost any application for which a density estimator is required. This tool can also perform MCP calculation. Unique features of this tool are an asymptotic analysis (for both MCP and KDE), a statistical core range analysis (for KDE), a weighting option (for KDE), batch functions (for both MCP and KDE), and a function for developing perfectly overlapping grids of utilization distributions for static interaction analyses (Laver 2007) .
The results of the calculations show that both the MCP and the KDE algorithms are capable of calculating the areas circumscribing the measured locations, which means that, from this point of view, they are both suitable for the objective of this research. The calculations of the MCP resulted in an area of 3,400m 2 deviating +166% from the actual area measured by the surveyor. The KDE, on the other hand, was more accurate -the calculations with it resulted in 1,940m
2 , which is a deviation of +52%. Analyzing these results and the experience from using these algorithms, yields the following conclusions for MCP:
1. This is a very simple algorithm, which is an advantage for developing a practical tool. 2. The algorithm includes all locations in the circumscribing polygon including locations which do not represent actual work (e.g., wrong reading of the GPS, locations recorded while the equipment moves from one work area to the other -an example of the latter is shown in Figure 4(c) marked as "locations not representing actual work"). Because of this the algorithm introduces inaccuracies, which sometimes can be quite large. 3. The algorithm calculates the minimum convex polygon and not the minimum polygon. While this may be acceptable for many location configurations, it may introduce inaccuracies for other configurations, such as (a) curved sections or (b) the ones represented in Figure 4 (c) (marked as "locations not representing actual work").
The conclusions for KDE are specified as follows:
1. This algorithm is more sophisticated because it is based on statistical principles and hence is more accurate. 2. It is capable of identifying areas where the locations are sparse, or there are no locations at all, within the polygon and it subtracts them from the area of the polygon. Therefore, the area calculated by this algorithm represents more truly the actual work done. 3. The algorithm is capable of identifying incidental locations and excludes them from the area of the polygon, thus increasing the accuracy. 4. The algorithm may give different results depending on the user's decisions regarding the values of parameters such as r and λ. 5. The algorithm is complicated for use -it requires manual determination of various parameters for each run, which is a disadvantage for developing a practical tool.
The accuracy of both algorithms is clearly insufficient for the purpose of the proposed model. Hence, the present research developed a different algorithm, as described in section "Dynamic Work Envelop Model".
The MCP and KDE algorithms may, however, satisfy the needs of applications such as the ones exemplified at the beginning of this section (e.g., safety, AILA), because (1) their shapes can be determined as simple geometries (e.g., rectangular), which will increase the accuracy of their determination by those algorithms and (2) lower accuracy levels can be satisfactory for these kinds of applications.
DYNAMIC WORK ENVELOP MODEL
The purpose of this model is to compute the productivity calculated as the product between the time it took to perform the work and the output of the earthmoving equipment -in this case the net area covered by the equipment. Hence, the model has to calculate the area covered by the equipment at a given time interval, based on the cloud of points representing the measured locations during this time interval. This area represents the work done by the equipment at the given time interval, which in turn represents the gross time it took to perform the work. The reason for selecting gross rather than net time to calculate the productivity is that for control purposes the gross time is a more realistic term to be compared to the allocated time in the budget -the latter is also assumed to be gross rather than net time. The model, on the other hand, can be easily adapted to calculate the net time too. The model has two main modules: (a) automated data collection which uses GPS technology to measure the equipment's location as a function of time; and (b) conversion and processing module, which first determines the work envelop representing the area of the work done during the time interval of the data collection and then calculates the productivity. These modules are described in the following sections.
(a) The distance between the points is shorter than the length of the compactor (b) The distance between the points is longer than the length of the compactor 
Automated Data Collection Module
As mentioned above, the data -location and time -are collected with a GPS operating in a differential mode. The rover GPS receiver is installed on the equipment, while the other receiver is installed at a fixed, known, location. By default, the GPS records the locations at a rate of one reading per second. At the end of the data collection period -normally a day -these locations are transferred to a post processing software (this could have also been done by radio transmission online). The end product of this processing is the Cartesian coordinates of the equipment's location during the data collection period as function of time. These locations are fed into the conversion module.
Conversion and Processing Module
The conversion module was developed, at this stage, in order to calculate the area covered by a compactor and its productivity. This area comprises the cumulative areas covered by the compactor while moving from point A i to point A i+1 (see Figure 5 ) depending on the speed of the compactor and the sampling frequency of the GPS. The thick vertical lines in Figure 5 represent the locations of the wheels (or drums -will be called henceforth wheels for short -rear wheel is marked "BC" and the front wheel "ED") while the GPS measures the compactor's location either in point A i or in point A i+1 .
The area covered by the compactor while moving between points A i and A i+1 is the sum of the two hatched areas in Figure 5 (a) (S j +T j ) and the sum of the hatched (S j +T j ) and the crossed areas in Figure 5(b) . The calculation of these areas in the present research is done using ArcView, a GIS software. The following explanation will use the case described in Figure 5(a) , but it is equally valid for the other case in Figure 5 (b). In order to calculate the area covered by the compactor while moving from A i to A i+1 , the GIS software needs the X, Y coordinates of points B i , B i+1 ,
, and E i+1 (see Figure 6) .
First, the progress direction from A i to A i+1 , is calculated according to Eq. (1).
Next, two rotation matrices M 1 and M 2 are calculated.
Finally, based on the geometry, the coordinates are calculated according to the following formulae:
The above formulae were programmed as an application that was added to ArcView. The calculation of the area was done according to the following steps: represented by the area in step 6. This time is the difference between the time the last location was measured and that of the first location. 8. Calculate the productivity by dividing the time (step 7) by the area (step 6).
Comparison of DWE to MCP and KDE
The locations measured during the pilot test were fed into the DWE model -the result is shown in Figure 7 . Here, too, the hatched area represents the actual area that the driver covered while simulating the compactor's work (Figure 7(a) ). The model calculated the polygons representing the area between every two sequential locations (the time interval that locations were entered to the model was one second) -these are shown in Figure 7 (b). These polygons were then converted to a raster layer -as shown in Figure 7 (c).
The comparison among the three methods is shown in Figure 8 both in absolute values and as a percentage of deviation from the actual area covered by the pickup truck as measured by the surveyor. While the MCP and KDE deviated +166% and +52% respectively, the new, DWE, model deviated only by +15%.
The DWE model is based on a simple algorithm and it gives good results; hence it is a practical approach and it is suitable for the purpose of automated productivity measurement. On the other hand, this algorithm, too, did not succeed to ignore the locations not representing actual work (see Figure 7 (c)).
ECONOMIC EVALUATION
The new approach presented in this paper requires purchasing of equipment and software as well as maintaining them. The purpose of the economic evaluation is to compare the costs of the new approach to the benefits from the advanced control. The evaluation assumes the following:
1. The manual alternative is less accurate unless more labor inputs are invested in the control activity (Chrysostomou 2000; Ciesielski 2000; Navon 2007; Navon and Goldschmidt 2003) . Nevertheless, the accuracy of the new method, based on the proposed model, and that performed manually are assumed here to be the same. 2. Both methods require a dedicated computer; hence the cost of the computer does not have to be considered. 3. The company that purchases the system is profitable and pays taxes.
The evaluation will relate to two types of variablesquantifiable costs and non-quantifiable benefits.
Quantifiable Variables
The quantifiable variables include the costs of surveyors and engineers performing the manual control, on one hand, and the hardware and software as well as costs of operating the new system.
The Value of the System to the User
It is difficult to estimate the exact costs of a new system or to evaluate it economically before the completion of its design. Therefore, as is commonly done in the economic evaluation of equipment that is still under development, the additional value of the system to the user, Figure 8 . Comparison of DWE to MCP and KDE V s , will be calculated. That value, in the present case, is the highest price that the user, guided by economic criteria, may be ready to add to the costs of performing control under current methods. Therefore, this value is the net present value of the difference between the costs of manual control and the costs incurred by using the proposed system. It is calculated as follows:
where n s = 8-10 years, the economic life of the GPS, the post processing software and the GIS; n tax = 4 years, the life of systems for tax purposes; i = Opportunity cost, decimal ratio, 6%-10%; T = Tax rate, decimal ratio, 29% p.a. (2007 year tax); and (P/A, i, n) = Present worth factor given by
Other parameters are listed and explained in Table 1 .
Non-quantifiable Benefits and Drawbacks
Not all the potential benefits were taken into account in the above economic evaluation. The reason is that some of the benefits are not quantifiable while others are difficult to assess at this stage. The inclusion of these benefits in the evaluation would only have increased the suggested system's value to the user and hence made it even more cost-effective. Their exclusion, therefore, enhances the reliability of the economic evaluation. The main non-quantifiable benefits are:
1. Receiving the control information in (near) real time permits the construction management team to take corrective measures in time, before the damage is too high. 2. Automated methods are less error prone than manual methods. 3. Collecting these data continuously generates a large and reliable historical database. Such a database can serve for better future planning and makes comparing the performance across projects easier. 4. The accuracy level of the model, in its present state of development, is +15%. At the moment we have indications that the accuracy level can be meaningfully increased if measurement is performed continuously and averaged over a number of working days -unlike the pilot test which was done on a relatively small work section for a limited period. The cost of operating the proposed system and processing the data 12-18 2-3 1-1.5
Cgps−rec
The cost of purchasing two GPS 20 Cgps−prog The cost of purchasing the GPS post processing software 1.5 Cgis−prog The cost of purchasing the GIS software 2.5 Cms
The cost of maintaining the GPS and the post processing software.
5%-10% of the initial cost
When considering the non-quantifiable drawback, two important points have to be taken into account:
1. The manual alternative is less accurate unless a lot more labor (of highly qualified people, e.g., engineers) is invested in the control activity, which adds costs to the generation of control information that will make this activity uneconomic. 2. This non-quantifiable drawback can be offset by the non-quantifiable benefits.
Analysis and Results
The value of the system to the user was calculated for different assumptions of control frequencies and opportunity cost. The control frequency affects the values of the surveying cost, C s , the cost of the construction crew, C e , and the cost of operating the proposed system and processing the data, C os . The other variables were either estimated accurately enough or their influence on the result was marginal. Hence, the final calculations were done with the following values: C ms = 10%, n s = 8 Years.
The results of these calculations are shown in Figures 9 -11 . If the non-quantifiable benefits are ignored, every additional value of the system greater than zero justifies usage of the system. The most influencing factor affecting the economics of the system is the frequency in which the control information is needed. If the latter is daily or weekly (Figures 9 and 10) , using the proposed system is very cost effective. Using the proposed system is still cost effective, in some cases, even when the frequency goes down to biweekly (Figure 11) . When the frequency reduces to monthly, it is clearly not cost effective to use the system (not shown in a figure), i.e., the additional value of the system is Figure 9 . The additional value of the system to the user (daily frequency; C os = $18,000) Figure 10 . The additional value of the system to the user (weekly frequency; C os = $3,000) Figure 11 . The additional value of the system to the user (biweekly frequency; C os = $1,500) negative (-$8,700 --$17,000) for all values of the other variables (although even these sums might have been offset by the non-quantifiable benefits).
CONCLUSION
A new approach to automated measurement of twodimensional earthmoving-equipment operations has been developed. As done previously, DWE also uses GPS technology to measure the location of the earthmoving equipment as a function of time. The main difference is that the previous approach assumed that work progresses as planned and hence it relied on predetermined work envelopes. The new approach determines the work envelop during its operation based on the actual work done during the period that the location measurement relates to. This enables it to calculate both the amount of work done and the time it took to do this work. Based on these data it calculates the productivity.
The performance of the new algorithm was compared to two existing algorithms capable of calculating areas circumscribing areas of measured locations -the MCP and KDE algorithms. The comparison was done based on data collected during a pilot test whereby a pickup truck simulated the work of a compactor. The existing algorithms proved inaccurate for the purpose of automated control of road construction -they deviated +166% and +52% correspondingly. The DWE algorithm was much more accurate -deviation of +15% -which led to a conclusion that extensive field experiments in an active road construction site are needed. These experiments and the results will be reported in a follow-up paper. Additional issues that the paper will deal with are: (1) ways to increase the accuracy of the DWE model; (2) determination of the factors affecting the performance of the DWE model; and (3) applying the model to different types of work, such as sub-base layers and conducting field experiments to test it.
The economic aspects of using a system based on the model presented in this paper were examined. The value of such a system to the user was calculated under different assumptions of the economic variables. The analysis clearly shows that for all values of these parameters it is very economically viable if the control information is needed at daily or even weekly frequencies; but is not so viable when sufficing with low frequency of control.
